The effects of ruminal ammonia concentration on bacterial numbers, fermentation pattern and degradation of feed ingredients in the rumen were examined with three nonlactating Holstein cows fitted with ruminal cannulas. Cows were fed twice daily a complete mixed diet (90% whole plant oat silage and 10% concentrate mixture) containing 11.1% CP on a DM basis. Ammonium bicarbonate (NH4HCO3) was infused continuously into the rumen at levels of 0, 95, 190 or 280 g/d. Infusion of NI&HC03 linearly increased (P < .05) the concentrations of ruminal ammonia and blood urea N. Total VFA concentrations and mixed bacterial numbers also were increased (P < .OS) by N&HC03 infusion. Infusions of N a H C 0 3 increased (P < .05) butyrate and decreased ( P < .05) isobutyrate and isovalerate proportions. Infusion of N b H C 0 3 increased (P < .OS) rate of degradation of soybean meal DM but did not (P > .05) influence degradation characteristics of fish meal and barley grain. In conclusion, supplementation of N by continuous infusion of NH4HC03 appeared to stimulate bacterial growth and fermentation but it did not influence extent of ruminal degradation of selected feed ingredients.
Introduction
Ammonia is the preferred N source for fiber-digesting bacteria (Hungate, 1966) and also is required by starch, sugar and secondary fermenters for protein synthesis (Cotta and Russell, 1982) . Controversy exists concerning the relationship between ammonia concentration and ruminal microbial growth. In vitro studies (Satter and Slyter, 1974; Schaefer et al., 1980) reported that no more than 5 mddl of ammonia is required for maximal microbial growth. In contrast, Wallace (1979) observed that increased in situ DM and CP degradation rates of barley grain were accompanied by increased bacterial growth when ammonia concentration was increased from 9.7 to 21.4 mddl ruminal fluid. Similarly, Mehrez et al. (1977) and Erdman et al. (1986) reported that in situ degradation rates plateaued at ammonia concentrations in excess of 20 mg/dl ruminal fluid.
Data on ruminal responses to relatively low ruminal ammonia concentrations are limited. Therefore, the objectives of this study were to determine the influence of low to moderate ruminal ammonia concentration on ruminal fermentation patterns, bacterial population and ruminal degradation of feed ingredients.
Materials and Methods
Animals and Feeding. Three nonlactating Holstein cows (646 19 kg) fitted with ruminal cannulas were maintained in individual pens and fed 5 kg/d of a complete mixed diet (90% whole plant oat silage [OS] and 10% concentrate mixture, DM basis) in two equal portions at 0900 and 2100. The concentrate mixture consisted of 71.6% rolled barley, 6.0% canola meal, 4.3% fish meal, 5.6% wheat shorts, 8.8% ground shelled corn, 2.9% molasses, . l l % nonocalcium phosphate, .56% trace mineral salts and .13% vitamin A, D and E mixture (DM basis). This diet contained 11.1% CP (DM basis).
Cows were assigned to four treatments in a 4 x 3 Youden square design as described by Pearce (1952) . consisting of four experimental periods and three cows. Cows were allowed 7 d to adapt to the basal diet.
Infusion of NH4HC03. Four different amounts of NH4HCO3 (0, 95, 190 or 280 g/d) dissolved in distilled water to a total volume of 1.8 liters were continuously infused throughout all four periods, through the ruminal cannula, using a Technicon Autoanalyzer Proportioning pump with tubing3. Between periods, the infusion level of N h H C 0 3 was changed abruptly to the new treatment level. Infusion rate of the N h H C 0 3 solution and the ammonia concentration in ruminal fluid were monitored daily from d 4 of each period. Four to 8 d were required to achieve stable ruminal ammonia concenaation.
In Situ Ruminal Eflecrive Degradability of Feed Ingredients. Samples of feed ingredients used for ruminal incubation were soybean meal (SBM) and fish meal (FM) as protein sources, barley grain (BG) as an energy source and OS as a fiber source. Air-dried SBM and BG were ground through a 1-mm screen; commercial FM was not further processed prior to ruminal incubation. However, large particles, such as bone, were separated from FM by sieving (I-mm mesh). Silage was dried in a forced-air oven at 45'C for 3 d. Visible oat grain was removed before grinding through a 2-mm screen.
Nylon4 bags (3.5 x 5.5 cm) were used for ruminal incubation of feed ingredients. A p proximately 1 g (air-dry basis) of SBM, FM and BG and .5 g (oven-dried) of OS were placed in nylon bags, which then were heatsealed. Duplicate bags for each incubation time were placed in a polyester mesh bag (25 x 30 cm, mesh size 3 mm) that was equipped with a drawstring (70 cm). A 250-ml plastic jar filled with pebbles was attached to the middle of the drawstring using nylon string.
Incubation of feed ingredients in the rumen was canied out during sampling days of each Ltd., Montreal, Quebec. period for ruminal fluid and blood. Bags containing SBM, €34 and BG were suspended in the rumen for 6, 12, 24, 36 and 48 h; bags containing OS were incubated for 6. 12, 24,48 and 72 h. Upon removal from the rumen, bags were washed as described by deBoer et al. (1987) . Disappearance for t = 0 incubation was estimated by washing with cold water only.
Washed bags were dried in a forced-air oven at 60'C for 2 d.
Percentage disappearance of DM, CP and NDF at each incubation time was calculated from the portion remaining after incubation in the rumen. The disappearance rate was fitted to the equation (0rskov and McDonald, 1979) (Scott and Dehority, 1965) . The anaerobic culture techniques of Hungate (1966) were employed throughout the study. Sampling of ruminal fluid and incubation of bacteria were conducted twice (1030 and 1900) on the final day of each period.
Sampling and Analysis. Samples of ruminal fluid were taken through the ruminal cannula using a 140-ml syringe connected to a plastic tube at .5, 1.5, 3.0, 5.0, 7.0, 9.0 and 11.0 h after the 0900 feeding for two consecutive days during each period. Ruminal pH was measured immediately after ruminal fluid sampling. One milliliter of 25% orthophosphoric acid was added to 4 ml of ruminal fluid for VFA analysis. Samples of blood were taken from the tail vein at 1.5,6 and 11 h after the 0900 feeding for two consecutive days during each period. Plasma was separated by centrifuging whole blood at 2,800 x g for 15 min. Silage and concentrate were sampled twice during each period. All samples were kept frozen at -20°C until analyzed.
Crude protein was determined by the Kjeldahl method (AOAC, 1980) . Neutral detergent fiber residue in OS was estimated as described by Goering and Van Soest (1970) ; NDF residues in nylon bags were estimated by washing in a commercial detergent solution using a washing machine for one complete cycle. Ammonia concentration in ruminal fluid was determined by the method of Fawcett and Scott (1960) using a colorimetes. Volatile fatty acids in ruminal fluid were determined by gas chromatography6. Blood urea N was determined by the method of Croker (1967) . Statistical Analysis. All data were subjected to ANOVA with treatment (infusion level of N&HC03), animal and period as factors. Linear, quadratic and cubic contrasts in response to level of NH.4HCO-3 infusion were tested at a probability level of .05 as described by Steel and Tome (1980) using SAS (1982) . For ruminal parameters, blood urea N and bacterial counts, sampling period was categorized into three and the mean value of each parameter within sampling period was compared across treatments.
Results and Discussion
Dietary N intake was 88. Ruminal pH and Ammonia Concentration and Blood Urea Nitrogen. Ammonia concentration in ruminal fluid clearly reflected infusion levels of N&HC03 (Table 2) . Ruminal ammonia concentration appeared to peak at 1.5 h after the 0900 feeding for all infusion levels. Thereafter, ammonia concentration tended to decline until 7 h postfeeding, after which it remained relatively constant ( Figure 1 ). Infusion of N h H C 0 3 did not (P > .05) influence pH of ruminal fluid. However, there was a trend toward increased ruminal pH after the 0900 feeding (Figure 1 ). Blood urea N concentration increased ( P < .05) linearly with level of N b H C 0 3 infusion, but overall concentrations for all infusion levels tended to decline with time after feeding ( Table 2) .
Ruminal VFA Concentrations. Total VFA concentration in ruminal fluid increased (P < .05) with increased level of N b H C 0 3 infusion (Table 2) . Total VFA concentration tended to be highest at 1.5 h after the O900 feeding for all infusion levels (Figure 1 ). Although molar proportion (mmo1/100 mmol) of acetate tended to increase with time after feeding, propionate proportion tended to decline (Figure 2 ). For isobutyrate. two peaks were observed, one at 1.5 to 3 h and a second at 11 h postfeeding (Figure 2 ). Unlike acetate and propionate, molar proportions of butyrate, isovalerate and valerate increased at earlier times (up to 3 h) postfeeding and then declined rapidly (Figure 3 ). Molar proportions of acetate, propionate and valerate were not influenced (P > .05) by N b H C 0 3 infusion, but proportions of butyrate were higher ( P < .05) and of isobutyrate and isovalerate were lower (P < .OS) at 9 to 11 h and 5 to 7 h respectively, after the 0900 feeding (Table 3) . The butyrate proportion was higher ( P < .05) for a 95 g of NhHCO3 infusion than for all other infusion levels.
The relationship between efficiency of microbial growth and proportion of individual VFA produced has not been established. Pisulewski et al. (1981) observed a tendency for high microbial yields at higher propionate concentrations. Because the molar propomon of acetate tended to be lowest ( Figure 2 ) and butyrate proportion tended to be highest (Figure 3 ) at 95 g of N h H C 0 3 infusion, the optimal ammonia concentration for butyrateproducing bacteria may differ from that of acetate-producing bacteria. Butyrate production is associated closely with acetate produc- tion (Hungate, I%), the latter being derived primarily from fermentation of fibrous material.
Proportional patterns of isobutyrate and isovalerate over time postfeeding proved interesting. Their proportions tended to be increased by W H C Q infusion at early fermentation stages (between 1.5 and 3 h for isobutyrate and 1.5 h for isovalerate) after the morning feeding but decreased after indicated times. Both VFA are known to be derived from the fermentation of protein (amino acids) and are growth factors for a number of bacterial species, including cellulolytic bacteria (Bryant, 1973; Russell and Hespell, 1981) . However, whether growth and enzymatic activity of these bacteria are depressed at higher ammonia concentrations or whether the associated effect of ammonia and other nutrients promotes optimal growth is now known. Hungate (1966) indicated that substrate specificity was one of the main characteristics of ruminal bacteria. Russell and Baldwin (1979) observed that aflinity for a single substrate differs greatly among species. Based on data for bacterial counts and VFA production, perhaps proliferation of a particular bacterial population is dependent on availability of preferred substrates. Stage of proliferation of a bacterial population also may differ with species and, furthermore, the effect of ammonia N supplementation on bacterial growth may be modulated by substrate availability.
Bacterial Counrs. Infusion of N Q H C 0 3 increased (P < .05) viable counts of total mixed bacteria in ruminal fluid at both 1.5 and 10 h after the 0900 feeding (Table 4) . Increased bacterial counts and total VFA asampling m e ranges after the O900 feeding Data are mean values at mhcated ranges of sampling umes bSoluuons of NH4HC03 were fused contmuously into the m e n .
T I M E A F T E R M O R N I N G F E E D I N G ,
COrthogonal contrasts where L = hear. Q = quadratic, C = cubic and NS = not slgnlficant (P < .05).
concentration associated with increasing NH4HCO3 infusion clearly indicate the positive effect of additional N in the rumen. However, an effect of NQHC0-j infusion associated with its buffering action in the rumen cannot be excluded completely. And assuming that ruminal volumes and passage rates of solids and liquids are not altered, as would be true for batch cultures, microbial populations and VFA concentrations would change proportionally with added ammonia N. But if dilution or passage rates are altered by water intake or ruminal osmotic pressure due to added ammonia, the relationship among these factors can change. Studies on the effect of ammonia on bacterial growth and fermentation activity are limited, although many researchers have confirmed that ammonia N is utdized by most ruminal bacteria. Pittman and Bryant (1%4) indicated that Bacteroides ru- Q asampling times after the o900 feeding.
bSolutions of NhHCO3 were infused continuously into the rumen.
cOrthogonal contrasts where L = lincar and Q = quadratic (P < .M). minicola utilizes ammonia and oligopeptide N. but not amino acid or short-chain peptide N. for growth. Allison (1970) reported that the growth of Bacteroides umylophilus, one of the major starch-and protein-fermenting bacteria in the rumen, was restricted when ammonia concentration fell below 7.4 mddl in vitro.
However, Bacteroides umylophilus H18 achieved its maximal growth rate at ammonia concentrations of only 1.6 mddl in vitro (Schaefer et al., 1980) . In a study with lactating dauy cows, Teather et al. (1980) determined that supplementation of a basal diet containing 9.4% CP (DM basis) with various N sources (urea, urea-treated corn silage or soybean meal) increased bacterial numbers by up to 230%. This increase was closely associated with fiber-digesting bacteria (Ruminococcus spp.) and the dominant propionateproducing bacteria (Selenornonas spp.). Increased bacterial numbers and total VFA concentration with increased N h H C 0 3 infusion during the early stage of fermentation postfeeding may be associated with increased numbers of non-fibrolytic bacteria, and at later stages (after 5 h postfeeding) of fermentation with increased fiber-digesting bacteria. Depletion of readily degradable substrates may result in higher ammonia N supply, but increased ammonia N may enhance growth of fibrolytic bacteria. Patterns of VFA concentration support the above postulate because molar proportion of acetate was low, but propionate proportion was high, at an early stage of fermentation, whereas the opposite was true at later stages of fermentation. Ruminal Degradation of Feedstujfs. Infusion of NbHCO3 did not influence ruminal degradation of SBM DM and CP (Table 5) .
One exception was a faster ( P < .05) rate of degradation (k) for the degradable DM fraction. Parameters (a, b and k) of ruminal disappearance, EDDM and EDCP of FM and EDDM of BG were not influenced by N b H C 0 3 infusion. Ruminal effective degradability of FM for 0, 95, 190 and 280 g/d NH4HCO3 infusion were 22.1, 21.4, 21.4 and 21.0% for DM and 29.8, 31.4, 30.5 and 29.7% for CP, respectively, and EDDM of BG were 83.7, 82.7, 82.6 and 84.6%, respectively. Degradation of OS DM also was not affected by N b H C 0 3 infusion, but with added NhHC03, amounts of NDF solubilized (a) increased ( P < .05, Table 6 ). Because such changes were very small, no significant difference in EDNDF of OS was detected.
The degree and extent of ruminal degradation of feedstuffs would be expected to be correlated to microbial growth. In the present study, NH4HC03 infusion proportionally increased mixed bacterial counts and total VFA concentration but appeared to have little or no impact on ruminal degradation. This suggests that ammonia concentration for maximal microbial growth differs from that for maximal ruminal degradation of feedstuffs. In contrast, at time infinity and k = rate constant of disappearance of fraction b.
Wallace (1 979) observed that increased degradation of DM and CP of BG was accompanied by increased bacterial growth when ammonia concentration was increased from 9.7 to 21.4 mddl. Grummer and Clark (1982) observed that degradation of SBM was slower at 1 to 4 h postfeeding when ruminal ammonia concentration was relatively high (14 to 19 mddl). One explanation for observed differences between studies may be the effect of the basal diet on migration of bacteria into in situ nylon bags. Meyer and Mackie (1986) reported that entry of mixed bacteria and fiber-digesting bacteria into nylon bags (pore size, 53 pm) was lower when animals were fed a lucerne hay diet than when they were fed a highconcentrate diet. In animals fed the highmncentrate diet, total bacterial counts and viable cellulolytic bacteria in nylon bags were 200% and 80% respectively, of those observed in ruminal digesta. In contrast, when animals were fed the lucerne hay diet, total and cellulolytic bacteria in nylon bags were only 60% and 18% , respectively, of the corresponding ruminal values. Perhaps energy availability has an important modifying influence on ruminal degradation of feed stuffs. Thus, although bacterial numbers may increase in response to an increased ammonia concentration, fiber digestion within nylon bags was not affected because entry of cellulolytic bacteria was limited due to attachment of bacteria to fibrous material in the rumen.
Implications
Bacterial numbers in ruminal fluid increased with N b H C 0 3 infusion. However, increased bacterial numbers in ruminal fluid did not influence ruminal degradation of feedstuffs in situ within the range of ammonia concentration of this study. These results are based on the assumptions that added ammonia N did not alter ruminal volume and passage rates which, in turn, could affect estimates of microbial growth and ruminal degradation. Further research is required to establish the effects of forage concentration and energy density of the diet on migration of bacteria into nylon bags and in situ degradation of fiber and protein. 
